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LHC Accelerator Status 

! 2010 √s=7 TeV, 36pb-1 

! 2011 √s=7 TeV, 5fb-1 

! 2012 √s=8 TeV, 20fb-1 
! Upgrade to ~14 TeV in 2015 
 
 

Peak luminosity in CMS 
reached 0.77 x 1034 cm-2s-1 

with average PU of 21 
 

Parked data increases the 
available luminosity. 
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CMS Detector 
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CMS Detector Status 

Fraction of Life Channels Dec 2012 

99% 
98% 
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CMS Publications 
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CMS Physics Publications: 200+27 

From Paris Sphicas Dec 2012 

200 publications based on data (+ performance and detector) 

“Higgs” 
Observation 

Will cover a selection of recent (Nov 2012-now) results  
All public results available at  
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResults  
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Hadronic Cross Sections 
! Production Cross Sections span 

12-13 orders of magnitude 
–  Collision rate overwhelmed by 

mundane processes 
–  Background discrimination and 

modeling crucial 
! Wide variety of processes 

produced 
–  Enables rich physics program 

! Searches for New Physics  
–  Direct  

•  model driven or independent 
–  Indirect through precision tests of 

SM 

Hadronic Cross Sections 

20-Jan-2010 D. Glenzinski, Fermilab 13 
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Observation of two structures in the 
J/Ψ K+K- spectrum  

Angular analyses of the two 
structures might help elucidate their 
nature. This may become feasible 
with more data.  

Fitted mass  
M1 = 4148.2 ± 2.0 (stat.) ± 4.6 (syst.) MeV 
M2 = 4316.7 ± 3.0 (stat.) ± 7.3 (syst.) MeV 
S-wave relativistic Breit-Wigner lineshape over a 3-body 
phase-space non-resonant component 

 CMS-PAS-BPH-11-026 

Candidate for an exotic state?  
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Inclusive 3-jet to 2-jet x-sections ratio 

Average pT of the two leading jets 

NLO using NNPDF2.1, MSTW2008 and 
CT10 PDF sets are in agreement with data. 
ABM11 PDF sets underestimates data in 
the pT1,2< 600 GeV. 

R32 (in the 400-1400 GeV range) is used to 
measure αs at the Z mass scale, stringent 
test of QCD. 

First derivation of αS (MZ) from 
momentum scales > 0.4TeV 

αS (MZ ) = 0.1143±0.0067
0.0083

CMS-PAS-QCD-11-003 
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Jet Mass and Substructure Studies 

CMS-PAS-SMT-12-019 

Use jets from di-jet and W/Z(   l)+ jets events 

Least  
aggressive 
grooming 
Moderately 
aggressive 
grooming 
Most 
aggressive 
grooming 

bimodal distribution as chosen parameters require 2 subjets.  

Unfolded jet mass distribution 
ungroomed AK7 jets inW+jets 

Leading-order parton-shower MC predictions 
found to be in good agreement with the data. 
Important benchmark studies toward the use of 
jet substructure tools in new physics searches 

! Study repeated for 
various clustering 
algorithms and 
different grooming 
techniques, in V
+jets and dijets. 

! Effect of PU also 
investigated. 
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Studies of top quarks: precision! 

 [GeV]topm
160 165 170 175 180 185-0.5

7.8

Tevatron 2012 combination  0.8± 0.6 ±173.2 
arXiv:1207.1069v2 up to 5.8/fb  syst.)± stat. ±(val. 

CMS combination  0.9± 0.4 ±173.4 
up to L= 5.0/fb  syst.)± stat. ±(val. 

CMS 2011 all-jets  1.3± 0.7 ±173.5 
PAS-TOP-11-017 (L=3.54/fb)  syst.)± stat. ±(val. 

CMS 2011 lepton+jets  1.0± 0.4 ±173.5 
arXiv:1209.2319 (L=5.0/fb)  syst.)± stat. ±(val. 

CMS 2011 dilepton  1.5± 0.4 ±172.5 
arXiv:1209.2393 (L=5.0/fb)  syst.)± stat. ±(val. 

CMS 2010 lepton+jets  2.7± 2.1 ±173.1 
)-1PAS-TOP-10-009 (L=36 pb  syst.)± stat. ±(val. 

=7 TeVsCMS Preliminary, CMS 2010 dilepton  4.6± 4.6 ±175.5 
)-1JHEP 07 (2011) (L=36 pb  syst.)± stat. ±(val. 

=7 TeVsCMS Preliminary, 

CMS combined result

CMS Preliminary

All channels 
except ττ  

Top mass in 
all 3 channels 
are single 
most precise 
to date 

Top charge 
asymmetry in 
dileptons 
agrees with 
predictions. 
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Jet multiplicity in tt   l+jets 

! Simulated events are classified according to the amount of 
additional radiation they contain (reduces detector effects). 

! Fractions of events with 0, 1, and 2 extra hard partons are 
extracted from a binned maximum likelihood fit. 

! Excellent agreement with MADGRAPH and POWHEG 

Experimental precision better than variations in 
theory scales, expect to be able to constrain 

these in the future.    C
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! Diboson 
measurements are 
a crucial test of the 
gauge structure of 
the SM  

Multi-Boson Production 
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CMS-PAS-SMP-12-011 (W/Z 8 TeV)
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CMS-PAS-SMP-12-005 (WW7), 

007(ZZ7), 013(WW8), 014(ZZ8), 015(WV) 

syst) ⊕7 TeV CMS measurement (stat

syst) ⊕8 TeV CMS measurement (stat

7 TeV Theory prediction

8 TeV Theory prediction

Limits on 
anomalous ZZZ/
ZZγ couplings: 

CMS-PAS-SMP-12-007, 
011, 012, 014 
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Evidence for VBF Z production 

1

1 Introduction

The electroweak production of a W or Z bosons plus two jets, with the requirement that the
weak boson is centrally produced and that the two jets are well separated in rapidity, pro-
ceeds with sizable cross section at the LHC [1]. These processes have already been studied
in the investigation of rapidity gaps at hadron colliders [2, 3], as a probe of anomalous triple-
gauge-boson couplings [4] or as a background to Higgs boson searches in Vector Boson Fusion
(VBF) [5–8]. There are three classes of diagrams in the electroweak (EWK) production of the W
and Z bosons with two jets: bremsstrahlung, VBF processes and multiperipheral diagrams with
a large negative interference between them [1, 3]. Figure 1 shows the representative diagrams
for EWK `` jj production processes.

d
Z

d

Z

d

µ+

µ�

u u

d u

W�

W+

Z
µ+

µ�

u d

d u

W�

⌫̄µ

W+

µ�

µ+

u d

Figure 1: Representative diagrams for EWK `` jj production processes. Left - bremsstrahlung,
middle - VBF process, right - multiperipheral .

These processes are an important benchmark in the searches for the VBF Higgs boson to under-
stand the selection of the forward jets and the veto of the additional central jets. Higgs boson
production via VBF has been studied intensively [9, 10] as a tool for the Higgs boson discovery
and the measurement of Higgs boson couplings [11–13] in pp collisions at the LHC. The recent
ATLAS and CMS searches for the standard model (SM) Higgs boson include analysis of the
VBF final states [14, 15].

We measure the cross-section of the electroweak Z boson production with the Z boson decaying
into µ+µ� or e+e� pairs using a data sample collected in 2011 and corresponding to an inte-
grated luminosity of 5.1 fb�1 for the µ+µ� mode and 5.0 fb�1 for the e+e� mode recorded by
the Compact Muon Solenoid (CMS experiment. We also present results on the measurement of
the hadronic activity in the rapidity difference between the two forward-backward jets. These
two measurements demonstrate the CMS detector and analysis capability to extract the process
which is comparable in the cross-section and topologically with standard model Higgs boson
produced in the Vector Boson Fusion process.

2 CMS detector, reconstruction and simulation

A detailed description can be found in Ref. [16]. The central feature of the CMS apparatus is a
superconducting solenoid of 6 m internal diameter providing a field of 3.8 T. Within the field
volume are a silicon pixel and strip tracker, a crystal electromagnetic calorimeter (ECAL), and a
brass/scintillator hadron calorimeter (HCAL). Muons are measured in gas-ionization detectors
embedded in the steel return yoke of the magnet. Extensive forward calorimetry (3 < |h| < 5)
complements the coverage provided by the barrel and endcap detectors.

! EW production of Z + jets – with the two jets well separated in 
rapidity – important benchmark in the searches for VBF Higgs 

! Very hard due to dominant DY production, uses advanced 
multivariate techniques (BDT) to extract signal 

C
M

S
-PA

S
-FS

Q
-12-019 

σ(µµ+ee) = 154 ± 24 (stat.) ± 46 
(syst.) ± 27 (th.) ± 3 (lum.)fb 

(Theory: 166fb)  

See ~3σ evidence for EW 
production of the Z 
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! ZZ, WW, bb, and ττ channels 
updated with 17fb-1 and refined 
analyses 

–  In some cases substantial 
improvement in the sensitivity has 
been achieved 

! First measurement of the spin-
parity properties of the new 
particle 

! Information on the mass and 
couplings 

! Results extended to high masses, 
using an improved lineshape of 
the signal 

! New MSSM Higgs search based 
on the ττ channel 

Higgs Updates post-observation 



15 

H    ZZ    l l l l 
! Use MELA kinematic 

discriminant based on the 
probability ratio of the 
signal and background 
hypotheses vs 4 lepton 
invariant mass. 

CMS-PAS-HIG-12-041 

Observed significance is 4.5σ  
(5σ expected).  

Points represent individual 
events. Contours show 
signal expectation. 

p-values for SM Higgs for 
ZZ to 4e, 4µ, 2e2µ and 2e2τ.  
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Higgs Properties: Spin Parity and Mass 
! Based on H    ZZ     4l channel 
! Use MELA with probability ratio for 

two signal hypotheses: SM and pure 
pseudo-scalar state JP = 0−   

CMS-PAS-HIG-12-041 

The pseudoscalar (vs. 
scalar) hypothesis is 

excluded at the 97.6% 
level. Need more data to 
distinguish 0+ from 2+ 

4.5 Tests of different spin-parity hypotheses 29

pseudo-scalar hypothesis 0� with a CLs value of 2.4%.
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Figure 19: Expected distributions of the test statistic comparing the signal JP hypotheses: 0� vs
0+. The observed value is indicated by the arrow.

Measured mass 
126.2 ± 0.6 (stat) ±0.2 (syst) GeV 

Mass obtained from a simultaneous fit of the 
mass and of signal strength  
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H    WW    l l νν 

17
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Figure 11: Expected and observed 95% CL upper limits on the cross section times branching
fraction, sH ⇥ BR(H ! W+W�), relative to the SM Higgs expectation, for the cut-based ap-
proach using the 8 TeV data only (top-left), for the shape-based approach using the 8 TeV data
only (top-right) and for the combined 8 TeV shape-based analysis together with the analysis
performed at 7 TeV (bottom-left). For the shape-based approach, we combine the analysis in
the different-flavor final state in the 0-jet and 1-jet categories with the cut-based analysis in all
other categories. The expected limits in the presence of the Higgs with mH = 125 GeV and
its associated uncertainty are also shown. A comparison of the expected limits for different
analyses at 8 TeV for low Higgs mass hypotheses is also shown (bottom-right).

6 4 H ! W+W�
search strategy

Table 1: Final event selection requirements for the cut-based analysis in the 0-jet and 1-jet sam-
ples. Values for other mass hypotheses follow a smooth behavior with respect to the report
values.

mH p`,max
T p`,min

T m`` Df`` mT
[ GeV] [ GeV] [ GeV] [ GeV] [�] [ GeV]

> > < < [,]
120 20 10 40 115 [80,120]
125 23 10 43 100 [80,123]
130 25 10 45 90 [80,125]
160 30 25 50 60 [90,160]
200 40 25 90 100 [120,200]
250 55 25 150 140 [120,250]
300 70 25 200 175 [120,300]
400 90 25 300 175 [120,400]
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Figure 3: Distributions of dilepton mass in the 0-jet (left) and 1-jet (right) categories, in the
different-flavor final state for a mH = 125 GeV SM Higgs boson and for the main backgrounds.
The cut-based H ! W+W� selection, except for the requirement on the dilepton mass itself, is
applied.

80 GeV and smaller than 280 (600) GeV for mH hypotheses smaller or equal than 250 GeV
(greater than 250 GeV), while m`` must be smaller than 200 (600) GeV for mH hypotheses
smaller or equal than 250 GeV (greater than 250 GeV). Finally, p`,max

T is required to be larger
than 50 GeV for mH hypotheses greater than 250 GeV. The two-dimensional distribution for
the mH = 125 GeV and mH = 200 GeV Higgs signal hypotheses, and background processes
are shown in Figures 6 and 7 for the 0-jet and 1-jet samples, respectively. The size of the bins is
optimized to avoid having empty bins for the overall background contribution for the present
Monte Carlo statistics, while still keeping enough cells to differentiate the signal shape from

8 5 Background predictions
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Figure 5: Distributions of the transverse mass in the 0-jet (left) and 1-jet (right) categories, in the
different-flavor final state for a mH = 125 GeV SM Higgs boson and for the main backgrounds.
The cut-based H ! W+W� selection, except for the requirement on the transverse mass itself,
is applied.

5 Background predictions

A combination of techniques is used to determine the contributions from the background pro-
cesses that remain after the Higgs selection. Where feasible, background contributions are
estimated directly from data, avoiding large uncertainties related to the simulation of these
sources. The remaining contributions taken from simulation are small.

For the low-mass H ! W+W� signal region, mH  200 GeV, the non-resonant W+W� con-
tribution is estimated from data. This contribution is measured using events with a dilepton
mass larger than 100 GeV, where the Higgs boson signal contamination is negligible, and a
simulation is used to extrapolate into the signal region. The total uncertainty is about 10%.
For larger Higgs boson masses there is a large overlap between the non-resonant W+W� and
Higgs boson signal, and simulation is used for the estimation.

The normalization of the top-quark background is estimated from data as well by counting the
number of top-tagged (Ntagged) events and applying the corresponding top-tagging efficiency.
The top-tagging efficiency (etop tagged) is measured with a control sample dominated by tt and
tW events, which is selected by requiring a b-tagged jet. The residual number of top events
(Nnot tagged) in the signal region is given by: Nnot tagged = Ntagged ⇥ (1 � etop tagged)/etop tagged.
Background sources from non-top events are subtracted by estimating the misidentification
probability from data control samples. The main uncertainty comes from the statistical uncer-
tainty in the control sample and from the systematic uncertainties related to the measurement
of etop tagged. The uncertainty is about 20% in the 0-jet category and about 4% in the 1-jet cate-
gory.

The W + jets and QCD multijet backgrounds arise from leptonic decays of heavy quarks, ha-

! Updated the different 
lepton flavor analysis 
using Mll and MT as two 
discriminant variables. 

! Results are consistent 
with the mH = 125 GeV 
signal 

CMS-PAS-HIG-12-042 

Observed significance is 3.1σ  
(4.1σ expected) 
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VH     bb 
! Combines W(µν), W(eν), 

Z(µµ), Z(ee) and Z(νν), all 
Higgs to bb. 

! Results are obtained from fits 
to the BDT output distributions 
trained separately for each 
channel 

! b-jet energy recalibrated to 
true parton energy (regression) 

CMS-PAS-HIG-12-044 

Observed upper limit on 
σ/σSM=2.5 (1.2 expected) 
at 125GeV. Local 
significance 2.2 S.D. 

Improvement in the bb 
mass resolution due to 

regression 

17
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Figure 8: Left: dijet invariant mass distribution, combined for all channels, for the high pT(V)
bin, for events that pass an event selection optimized for this variable. Right: same distribu-
tion with all backgrounds, except dibosons, subtracted. The solid histograms for the back-
grounds and the signal are summed cumulatively. The line histogram for signal and for VV
backgrounds are also shown superimposed. The data is represented by points with error bars.

16 9 Conclusions
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H     τ τ	

! Combines µτh, eτh, eµ, τhτh, 

and µµ.  
! τ pair mass reconstruction is 

used as discriminant.  
! Events are classified by the 

number of jets and pT of τ 
decay products to increase 
sensitivity. 

CMS-PAS-HIG-12-043 

Observed upper limit on              
σ/σSM=1.63 (1 expected)              
at 125GeV.  

Limits obtained for a combined search for HV, 
with H to tt and V decaying leptonically.  
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Higgs Combination 
! Combines γγ, ZZ, WW, ττ 

and bb. 

C
M

S
-PA

S
-H

IG
-12-045 

Observed significance is 6.9 σ  
(7.8 σ expected).  
Measured Mass: 
125.8 ± 0.4 (stat) ± 0.4 (syst) GeV 

Test of Couplings: Fermion vs Vector 

4.2 Significance of the observed excess 13
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Figure 5: The observed local p-value for the five decay mode and the overall combination as a
function of the SM Higgs boson mass in the range 110–1000 GeV (left) and 110–145 GeV (right).
The dashed lines show the expected local p-values for a SM Higgs boson with a mass mH.

reaches 5.8 ⇥, as can be seen in Fig. 6 (left). Figure 6 (right) shows the combination for the
channels with poor mass resolution, namely: WW, bb, and ⇤⇤. The jagged behaviour is due
to analyses that consider different Higgs boson mass hypotheses in steps proportional to the
mass resolution of that channel.

Table 3 summarises the median expected and observed local significances for a SM Higgs boson
mass hypothesis of 125.8 GeV for the individual decay modes and their various combinations.
The median expected significance is evaluated for a pseudo-observation equal to the median
expected background plus signal rate. The ±1 range around the median significance should
contain 68% of the statistical fluctuations that could occur in data.

Table 3: The significance of the median expected and observed event excesses in individual de-
cay modes and their various combinations for a SM Higgs boson mass hypothesis of 125.8 GeV.
The expected range of possible statistical deviations from the median expected significance is
about ±1.

Decay mode or combination Expected (⇥) Observed (⇥)
ZZ 5.0 4.4
�� 2.8 4.0
WW 4.3 3.0
bb 2.2 1.8
⇤⇤ 2.1 1.8
�� + ZZ 5.7 5.8
�� + ZZ + WW + ⇤⇤ + bb 7.8 6.9
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! We discovered a new boson with 
mass ~ 126GeV 
–  What is stabilizing its mass? 

! Loop corrections diverge 
quadratically 
–  Either there is some new 

physics which naturally solves 
the problem 

–  Or the universe if fine tuned 
(i.e. it is a coincidence) 

! 2011 CMS Searches  
–  not tuned to particular model 
–  cover many possible final states. 

The Hierarchy Problem 
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3rd Generation Searches 
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! charginos, neutralinos and sleptons 
in leptonic final states: 

–  2,3,4 leptons +MET 
–  2 SS leptons +MET 
–  2 leptons, 2 jets + MET 

SUSY Electroweak Production 
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Searches in MET+0 to ≥4 b-jets 
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SUSY Alternatives 
! SUSY is not the only natural 

solution to the hierarchy 
problem 
–  Extra dimensions 

•  Large volume (ADD) 
•  Compact ED, curvature (RS) 
•  Kaluza-Klein gravitons 
•  Black Holes 

–  Hidden Sectors 
–  New forces (Z’, W’) 
 

Studied at CMS within the 
EXOtica group and B2G groups 
(exotica searches with top quarks 
in the final state).  

EXOTICA Summary 
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! Focus on black hole production in a 
model with n large, flat, extra spatial 
dimensions (ADD model)  
–  Search for the presence of multiple energetic 

jets, leptons, and photons in events with large 
total transverse energy ST.  

–  Uses 4fb-1 of 8TeV data & variety of models.  

Microscopic Black Holes 
C

M
S

-PA
S

- 
E

X
O

-12-009 

Set stringent model-independent limits on BSM 
production in high-multiplicity energetic final states, 

along with model-specific limits on semiclassical 
black hole masses in the 4.1 – 6.1TeV range for a 

variety of model parameters. 

4 4 Analysis method

this search.

Table 1: Signal Monte Carlo samples and generators used in the analysis.
Sample description BLACKMAX CHARYBDIS
Non-rotating BH YES YES
Rotating BH YES YES
Rotating BH with M/J loss YES (10 % loss) YES (18-30 % loss)
Rotating BH, low multiplicity regime NO YES
Boiling remnant NO YES
Stable remnant NO YES

4 Analysis method

Depending on the details of the black hole evaporation, a large variation of particle multiplicity
in the final state, and a large range of missing transverse energies are possible. While resulting
in quite different signatures, these variations typically have very little effect on the value of
ST in the event. A recent work on quantum-gravity black holes [29] also suggests a larger
number of softer particles produced in black hole evaporation than in the semiclassical case,
further emphasizing the importance of ST as a largely model-independent variable for black
hole searches.

The main background to black hole production arises from QCD multijet production, which
dominates the event rates at large ST. Smaller backgrounds come from vector boson+jets and
tt̄ production. They are negligible at large values of ST and contribute less than 1% to the total
background after the final selection. We estimate their contribution from MC simulation, using
the MADGRAPH [30] leading-order parton-level event generator (with up to three extra partons
included in the simulation) with the CTEQ6L PDF set followed by PYTHIA [19] parton show-
ering and full CMS detector simulation via GEANT4 [31]. For the dominant QCD background,
however, we estimate backgrounds from the observed data using the ST multiplicity invariance
method [7, 8]. This method relies on the independence of the shape of the ST spectrum on the
number of final-state objects N; an empirical observation extensively checked by using various
MC generators (ALPGEN and PYTHIA) as well as low-multiplicity data. This invariance allows
us to predict the shape of the ST spectrum for any number of objects using the dijet data.

We use low-multiplicity data with N = 2 and N = 3 to obtain the background shape by fitting
the ST distributions between 1200 and 2800 GeV with the ansatz function P0(1 + x)P1 /xP2+P3 log(x)

(Fit-0), which is shown in Fig. 1 as a solid line. No evidence of new physics has been observed in
this region in a dedicated analysis [32]. To estimate the systematic uncertainty of the shape as-
sumption, the same ST distributions are fitted with two additional functions, P0/(P1 + P2x + x2)P3

and P0/(P1 + x)P2 . Thus, an envelope of functions is formed (shown as the shaded area in
Fig. 1) and is used as the systematic uncertainty. In Fig. 2, we show the ratio of the N = 2 data
and the fit together with the ratio of background templates for N = 2 and N = 3. The latter
assures us that the ratio of the ST shapes is flat within uncertainties and the shape invariance is
preserved.

Figure 3 shows the fit result of the background prediction for the inclusive samples with high
object multiplicity events. Here, the shape of the ST distribution obtained from the N = 2
sample is normalized to the observed data in the range 1800 to 2200 GeV, where no signal
contribution is expected. Also shown are the expected semiclassical black hole signals for three
parameter sets of the BLACKMAX nonrotating black hole model. The results are presented
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! Set generic limits on the 
production of resonances with 
two spatially- separated jets over 
non-resonant  QCD background  
–  Uses 4fb-1 of 8 TeV data  

! Compare limits with theoretical 
predictions for various models: 
–  String resonances,  
–  Scalar di-quarks  
–  Exited quarks  
–  Axial-vector particles (axigluons)  
–  Colorons, s8 resonances  
–  New gauge bosons (W', Z'), and RS 

gravitons 

DiJet Resonances 

Data agrees with SM prediction. 
Set lower limits on the mass of 
specific resonances in the 1 to 

4.7 TeV range.  
CMS-PAS- 

EXO-12-016 
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! Search for narrow high-mass 
resonances to µ+µ- or e+e-. 
–  Uses 4fb-1 of 8TeV & 7TeV data. 

DiLepton Resonances 

CMS-PAS- 
EXO-12-015 

! Upper limits are interpreted in 
the context of two Z' models 
–  Most stringent to-date. 
 

Sequential Standard 
Model with SM-like 
couplings  
mll > 2590 GeV 

Superstring-inspired Z'ψ.  
mll > 2260 GeV 
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Top Quark Pair Resonances 

! Studied in the all hadronic,   
l+jets and dilepton channels. 

 

In many scenarios, new resonances 
preferentially decay to heaviest states

• Consequently, we also search for NP in top/antitop pairs

• Complicated by fact that tops are not stable particles which themselves must first be reconstructed
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Figure 5: Upper limits on sZ0B(Z0 ! tt) versus MZ0 for narrow and wide resonances. Also
shown is the theoretical prediction for the Z0.

9 Summary

A data sample, corresponding to an integrated luminosity of 5.0 fb�1 collected in pp collisions
at

p
s = 7 TeV, has been analyzed in a search for heavy resonances decaying to top quark-

antiquark pairs with subsequent leptonic decay of both top quark and antiquark. No excess
beyond the standard model prediction is observed. Upper limits at the 95% CL are derived on
the product of the production cross section and branching fraction for these decays, for various
masses of narrow and wide resonances. The existence of a leptophobic Z0 topcolor particle is
excluded for MZ0 < 1.3 TeV with GZ0 = 0.012MZ0 , and for MZ0 < 1.9 TeV with GZ0 = 0.10MZ0 .
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Figure 4: The 95% CL upper limits on the product of the production cross section sZ0 and the
branching fraction B of hypothesized resonances that decay into tt as a function of the invariant
mass of the resonance. The Z0 production with GZ0/mZ0 = 1.2% (a) and 10% (b) compared to
predictions based on [5]. The ±1 and ±2 s.d. excursions from the expected limits are also
shown. The vertical dashed line indicates the transition between the threshold and the boosted
analyses, chosen based on the sensitivity of the expected limit.

4 6 Bayesian neural network analysis

parison, the number of expected Z0 signal events for MZ0 = 750–3000 GeV are listed in Table 3.

Table 2: Event yields for SM backgrounds and data in the ee, µµ, and eµ channels.

Sample ee µµ eµ
tt 2210 ± 460 2550 ± 550 7300 ± 1500
DY 410 ± 130 420 ± 130 179 ± 57
Diboson 11.5 ± 1.5 15.4 ± 2.0 32.3 ± 4.2
W ! `n 17+24

�17 0+3.4
�0 26+37

�26
Single top 106 ± 15 121 ± 18 343 ± 50
Multijets 41.8 ± 6.9 50 ± 10 103 ± 14
Total background 2790 ± 510 3150 ± 600 8000 ± 1500
Data 2690 3098 7704

Table 3: Event yields for a leptophobic Z0 in ee, µµ, and eµ channels.

Sample ee µµ eµ
GZ0/MZ0 = 0.012

Z0 (750 GeV) 67 79 200
Z0 (1000 GeV) 26 28 68
Z0 (1250 GeV) 8.2 9.8 22
Z0 (1500 GeV) 2.9 3.1 7.0
Z0 (2000 GeV) 0.3 0.4 0.8

GZ0/MZ0 = 0.10
Z0 (1000 GeV) 180 200 480
Z0 (1500 GeV) 23 26 57
Z0 (2000 GeV) 2.9 2.9 7.0
Z0 (3000 GeV) 0.1 0.1 0.2

Distributions of the transverse momentum of the highest-pT electron in the ee channel, the
pseudorapidity of the highest-pT jet in the µµ channel, and Df between the missing transverse
momentum and highest-pT lepton in the eµ channel are shown in Fig. 1. There is good agree-
ment between data and the sum of all SM backgrounds. Similarly, a good agreement is seen in
all four-vector distributions (pT, h, and f) of all final-state objects in the three channels.

The tt invariant mass is constructed using the four-vectors of the two leading leptons, the two
leading jets, and the missing transverse energy. The longitudinal momenta pz of the two neu-
trinos in the final state cannot be measured experimentally and are set to zero. The tt invariant
mass distributions for the data, the sum of all backgrounds, and the Z0 signals for the narrow-
width scenario (GZ0 = 0.012MZ0) are shown in Fig. 2 for the ee, µµ, and eµ channels. The data
is described well by the SM backgrounds, and there is no statistically significant evidence for
the presence of a Z0 signal.

6 Bayesian neural network analysis

A multivariate analysis, based on Bayesian neural networks (BNN) [35], has been carried out to
provide a more powerful discriminant between backgrounds and the Z0 signal than that based
on invariant mass alone. The discriminant lies in the interval [0,1]. It is constructed such that
the signal events tend to have a value closer to 1 than the background events that peak instead

9
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Figure 2: Comparison of the reconstructed Mtt in data and SM predictions for the threshold
analysis with (a) 3 jets of which �1 b tagged, (b) 4 jets, none of which is b tagged, (c) 4 jets of
which one is b tagged, (d) 4 jets of which �2 are b tagged. Expected signal contributions for
narrow-width topcolor Z0 models at different masses are also shown. For clarity, a cross section
times branching fraction of 20 pb is used for the normalization of the Z0 samples.
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Figure 3: Comparison of the reconstructed Mtt in data and SM predictions for the boosted
analysis with (a) no b-tagged jets, (b) �1 b-tagged jets. Comparison of the jet multiplicity
distribution in data and SM background predictions for the boosted analysis with (c) no b-
tagged jets, (d) �1 b-tagged jets. Expected signal contributions for narrow-width topcolor Z0

models at different masses are also shown. A cross section times branching fraction of 1.0 pb is
used for the normalization of the Z0 samples.
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Top Pair Events Topology
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At high mtt

tops increasingly 
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dileptonic top analysis
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• Need to use new technology 
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All-Hadronic Analysis

21

Triply-tagged
ttbar candidate!
Top, W, and b!

Run 166864, Event 457688464

CMS-PAS-EXO-11-006
CMS-PAS-JME-11-013

Data agrees with SM prediction 
in all channels. Set limits on 
mass in the 2-3TeV range.  

JHEP09(2012)029 
arXiv:1209.4397 
arXiv:1211.3338 
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Search is performed by fitting the data to the 
distribution of ST as a function of jet multiplicity.  

Pair Production of Heavy Quarks 
! Search motivated by sequential 

fourth generation model 
–  Concentrate on new Q quark cases  

d-type à tW or u-type à tZ 
–  Select events containing an isolated 

electron or muon, missing ET, and 4 
jets, of which one is a b-jet.  

Data agrees with SM prediction. 
Assuming strong production, exclude 
quark masses below 675 (625) GeV 

decaying into tW (tZ).  

arXiv:1210.7471 
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Summary and Short Term Plans 

–  Exceeded design performance, 
demonstrating that precision 
physics can be done at high 
luminosity and pileup.  

–  Will continue after data-taking 
ends and also benefit from parked 
data.  

! Following the discovery of a Higgs-like particle the focus is 
shifting from search to measurements of the properties.  
–  Measure the spin parity of the particle 
–  Probe the fermionic couplings: H(ττ), VH(bb), ttH 

! We have not observed any BSM physics yet 
–  Searches are focusing on finding or excluding SUSY and non-SUSY 

natural models. 

! We continue looking for deviations to the SM with our high-
precision measurements program 
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LHC machine Projections 
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LS1                          LS2                              LS3              

CMS Upgrade Plans 

LS1 Projects (in production) 
•  Completion of muon coverage 

& improved muon operation 
•  Replace HCAL photo-detectors 

Phase 1 Upgrades (TDRs) 
•  Pixel detector replacement 
•  HCAL electronics upgrade 

•  Both received CD0 from DOE 
•  Preparatory work during LS1 

•  L1-Trigger upgrade 

Phase 2: scope to be defined 
•  Tracker Replacement 
•  Track Trigger 
•  ForwardRegion:  Calorimetry and 

Muons and tracking 
•  Further Trigger upgrade 

Global 
Trigger 

Muon 
Trigger 

Calorimeter 
Trigger 

ECAL     HCAL         DT      RPC     CSC  

L1 Accept 
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Physics Reach Projections 

 Red: 1SD  
Blue: 2SD 

       2012 systematics 
       half theory systematics 
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Z 0
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pT ⌘
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10�3
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gZ
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Z

Vtb

Predicted 95% confidence level constraints on 
anomalous triple-gauge couplings. 

More pronounced increase of 
sensitivity for squark-gluinos  
due to the steep increase with 
mass of the parton luminosity 

� V g b t ⌧p
s = 14 �1

�1

pp

CERN-CMS-
NOTE-2012-006 
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Conclusions 
! CMS physics output has exceeded all expectations 

–  Observed ~126GeV boson consistent with SM Higgs Boson 
–  No evidence for new physics 

! Physics Goals goals 
–  Characterization of the Higgs-like boson by precision measurements of its 

mass and tree-level couplings to fermions, W  and Z  bosons, as well as 
self-coupling. Is it the SM Higgs? 

–  Continue SUSY searches. Is SUSY responsible for EWSB? 
–  Extend search for massive resonances predicted in various BSM models. 
–  Precision EW measurements in the top and multi-gauge boson sectors. 

Provide constraints on the Higgs boson mass and sensitivity to BSM 
effects.  

–  Precise determination of the parton distribution functions, particularly at 
very small and large x.  


